ABSTRACT: A density functional theory study of the structural and electronic properties and relative stability of fluorinated sp 3 silicon nanotubes and their corresponding silicon nanowires built along various crystallographic orientations is presented. The structural stability is found to increase linearly with fluorine surface coverage, and for coverages exceeding 25%, the tubular structures are predicted to be more stable than their wirelike counterparts. The band gaps of the fully fluorinated systems are lower than those of their fully hydrogenated counterparts by up to 0.79 eV for systems having a relatively low silicon molar fraction. As the silicon molar fraction increases, these differences appear to reduce. For mixed fluorination and hydrogenation surface decoration schemes, the band gaps usually lie between the values of the fully hydrogenated and fully fluorinated systems. Furthermore, the band gap values of the silicon nanotubes are found to be more sensitive to the fluorine surface coverage than those of the silicon nanowires. These results indicate that surface functionalization may be used to control the stability of narrow quasi-onedimensional silicon nanostructures and opens the way toward chemical tailoring of their electronic properties.
■ INTRODUCTION
Due to their unique and diverse physical properties, quasi-onedimensional silicon nanostructures show great promise to serve as active components in various nanoscale devices including sensitive chemical and biological detectors, 1−7 electronic components such as nanoscale field-effect transistors, 8, 9 optoelectronic devices, 10−12 solar cells, 13−16 and water-splitting photocatalysts. 17 Since different applications require different electronic properties, it is desirable to identify efficient and accessible routes to control and tailor the electronic structure of such systems. To this end, experimental and theoretical studies of silicon nanowires (SiNWs) have revealed several factors that may influence the size and character of their band gap. These include the diameter of the SiNW, 18−26 its growth orientation, 20, 23, 26, 27 cross-sectional shape, 28, 29 surface reconstruction, 26 chemical passivation 27,30−33 and doping, 34 and strain effects. 35−37 To gain control over the geometrical parameters of SiNWs, several fabrication methods have been developed, including laser ablation and electron beam evaporation metal-catalytic vapor−liquid−solid methods 32,38−42 and oxide-assisted catalystfree approaches, 43−45 as well as solution-based techniques. 46 These methods yield wires with different crystallographic orientations and dimensions scaling down to diameters that are in the single-nanometer regime. 32, 38, 43, 47 The effects of chemical modifications on the physical properties of SiNWs have been investigated experimentally in several recent studies, as well. Here, it was shown that hydrogen-passivated SiNWs can be achieved via removal of the oxide layer often decorating their surface. 39,43,47−55 Alternatively, surface hydrogenation can be achieved by using hydrogen as a carrier gas in the chemical vapor deposition process.
From the theoretical perspective, hydrogen passivation of SiNWs is attractive in terms of lowering the computational burden. Hence, many of the earlier theoretical studies of SiNWs have adopted hydrogen passivated SiNW models. 20, 24, 26, 56, 57 These were followed by several recent studies using hydrogenated SiNW models as reference systems for SiNWs with other chemical passivation schemes. 27,30,31,58−60 It was shown that decoration with hydroxyl and amine groups tends to cause diameter-dependent band gap red shifts with respect to the hydrogen-passivated systems. 27, 30 The effects of surface halogenation of [110] SiNWs with diameters varying from 0.6 to 3 nm were studied by Leu et al., 31 who showed that increased halogen surface coverage tends to decrease the band gap of the SiNW. As may be expected, larger band gap variations were found for narrower wires, which have a larger surface to volume ratio. Furthermore, the identity of the halogen atom was found to impact the resulting band gap of the system, where larger halogen atoms resulted in more pronounced effect on the band gap. Bondi et al. 53 Going beyond SiNW structures, we have recently presented a computational study exploring the structural and electronic properties of fully hydrogenated sp 3 -type silicon nanotubes (SiNTs) grown along various crystallographic directions. 71 Here, all SiNTs studied were found to be less (meta-)stable than the corresponding SiNWs while possessing an increased band gap. In light of the recent intensive work on chemical decoration of SiNWs, it would be interesting to explore the effects of surface functionalization on the structural stability and electronic properties of SiNTs. In the present work, we address this issue, showing that surface fluorination is expected to dramatically increase the relative stability of quasi-one-dimensional silicon structures as compared to their hydrogenated counterparts. Furthermore, we show that surface chemistry may be used as a simple means to control the electronic properties of SiNWs and SiNTs.
To this end, we reconsider the eight SiNWs and SiNTs models studied in ref 71 Figure 1 ). Using the hydrogenated systems as reference, we then partially or fully substitute passivating hydrogen atoms with fluorine atoms. For the partial substitution schemes, we consider fluorine surface coverage of 25%, 50%, and 75% where the substitution sites are determined randomly, and for each coverage three different random substitution schemes are considered. We note that the experimental realization of narrow SiNTs has been recently achieved, 72−78 showing the ability to control their surface chemistry. 76, 77 All calculations have been performed by density functional theory (DFT) as implemented in the Gaussian09 suite of programs. 79 Three different functional approximations have been considered: namely, the local density approximation (LDA), 80,81 the Perdew−Burke−Ernzerhof (PBE) realization of the generalized gradient approximation, 82 and the screened exchange hybrid density functional of Heyd, Scuseria, and Ernzerhof (HSE). 83−85 The latter functional has been tested for a wide set of materials and was shown to accurately reproduce experimental structural parameters and band gaps. 71, 86, 87 Initial geometry optimizations have been performed using the LDA with the 3-21G atomic centered Gaussian basis set. Further geometry relaxation, including lattice vectors and atomic positions optimization, has been performed for each functional approximation separately by use of the double-ζ polarized 6-31G** basis set. 88 The relaxed radial dimensions of the different SiNTs and SiNWs are summarized in Table 1 .
Coordinates of the fully relaxed structures can be found in the Supporting Information. 
where E(χ i ) (i = Si, H, F) is the cohesive energy per atom of a SiNW/NT of a given composition, χ i is the molar fraction of atom i in the system with ∑ i χ i = 1, and μ i is the chemical potential of element i. treatment gives a qualitative measure of the relative stability while neglecting thermal and substrate effects and zero-point energy corrections. 27 In Figure 2 we plot δG as calculated from eq 1 for the fully fluorinated SiNWs and SiNTs considered. For comparison, we include the results obtained in ref 71 for the fully hydrogenated systems. Similar to the case of the latter, we identify a linear relationship between the molar fraction of silicon atoms and the relative stability of the fully fluorinated SiNWs/SiNTs considered. Nevertheless, while the stability of the various hydrogenated systems was found to decrease with decreasing silicon molar fraction, the fluorinated structures present a completely opposite picture both qualitatively and quantitatively. When the hydrogenated structures are compared to their fluorinated counterparts, a considerable increase in stability is obtained upon fluorine decoration. The stability is further enhanced as the molar fraction of silicon content decreases. Furthermore, unlike the case of the hydrogen-passivated structures, it is found that the fluorinated SiNTs considered are more stable than their SiNW counterparts (see inset of Figure 2 ).
These observations can be rationalized by considering the dissociation energies of the Si−F, Si−H, and Si−Si bonds, which were measured to be ∼160, ∼90 [in (fluoro)silanes], and 54 kcal/mol (in bulk form), respectively. 90 As can be seen, the Si−F bond is about 1.8 times stronger than the Si−H bond. In fact, the Si−F bond is among the strongest single bonds known, thus explaining the increased stability upon replacement of surface hydrogens with fluorine atoms. Furthermore, since we are considering relatively narrow NTs, the destabilization effect of the extraction of the inner silicon core of the wire is found to be fully compensated by the Si−F bonds formation on the NT's inner surface, thus resulting in systems that are even more stable than the corresponding NWs. This is in contrast to the case of the hydrogenated systems where, due to the weaker nature of the Si−H bond, even for the narrowest system considered the absence of the inner silicon core is not energetically compensated by the hydrogenation of the NT's inner surface and the wire structures are found to be more stable than the corresponding tubes.
Next, we examine the relative stability of the [100] and [112] SiNWs and SiNTs with mixed hydrogenation and fluorination decoration schemes. Figure 3 (lower panels) shows the calculated δG values for these systems as a function of fluorine surface coverage, where 0% represents the fully hydrogenated systems and 100% stands for the fully fluorinated systems. As may be expected from the analysis presented above, the stability increases with increasing fluorine coverage. Interestingly, already at ∼25% fluorine coverage the SiNT structures become more stable than their corresponding SiNWs. Unless otherwise mentioned, for each partial fluorine coverage studied, three random decoration schemes were considered. An example of the [100] SiNT with one of the 50% fluorine surface coverage schemes is presented in the upper panels of Figure 3 . We find that differences between the relative stabilities of the various decoration schemes at a given fluorine surface coverage are on the order of 0.01 eV/atom and are thus too small to be noticed in the diagrams presented in the lower panels of Figure 3 .
■ ELECTRONIC PROPERTIES
We now turn to study the electronic properties of the various systems considered. We start by analyzing the effects of crystallographic orientation and surface passivation scheme on the band gap of the SiNWs and their corresponding SiNTs studied. Figure 4 presents a detailed description of these results where the band gap is plotted against the molar fraction of silicon atoms within each system. As can be seen, similar to the case of the fully hydrogenated systems 71 (light orange circles), the band gap of the fully fluorinated SiNWs and SiNTs (dark purple circles) decreases monotonously with increasing silicon molar fraction gradually approaching the band gap value of bulk silicon. For low silicon molar fractions, the band gap of the fully fluorinated systems is narrower than that of the fully hydrogenated structures by up to 0.79 eV. As the silicon molar fraction increases, the difference in band gap of the fluorinated and hydrogenated systems is reduced, such that for molar fractions of ∼0.65 the band gaps are identical to within 0.02 eV. Furthermore, as may be expected, all fully fluorinated SiNTs considered possess a wider band gap than their corresponding SiNWs. This can be attributed to quantum confinement effects. From the inset of Figure 4 , it can be clearly deduced that the effect of the appearance of the inner cavity on the band gap of the fully fluorinated systems is smaller than that previously obtained for the hydrogenated systems. The transition from [111], [100], [112] , and [110] F-SiNWs to F-SiNTs results in band gap increases of 24%, 41%, 11%, and 11%, respectively. This is to be compared with the hydrogenated system values of 68%, 61%, 26%, and 17%, respectively.
Upon careful inspection of the results appearing in Figure 4 , it can be speculated that by varying the relative surface coverage of hydrogen and fluorine atoms it should be possible to tailor the band gap of SiNWs and SiNTs having a silicon molar fraction lower than 0.65. In the diagram, we highlight the area spanning the region between the fully hydrogenated and fully fluorinated systems band gaps indicating the expected band gap range that can be achieved by manipulating the surface fluorination scheme. To further examine this issue, we study, in Figure 5 , the influence of fluorine surface coverage on the band gaps of the [100] and the [112] systems. As mentioned above, from quantum confinement considerations, the band gaps of the SiNTs are consistently larger than those of their corresponding SiNWs. As the fluorine coverage is increased, the band gaps of the SiNTs decrease monotonously, approaching that of the fully fluorinated systems. On the contrary, the band gaps of the SiNWs are much less sensitive to the outer surface fluorine coverage, such that the values calculated for the fully fluorinated and fully hydrogenated systems differ by less than 0.2 eV as is also indicated in Figure 4 . This suggests that the inner surface fluorine decoration has a stronger effect on the electronic structure of the systems than the outer surface fluorination.
Interestingly, for the mixed decoration schemes at given fluorine coverage, a strong effect of the exact decoration scheme on the band gap of the system is obtained. We find that, for the 50% and 75% fluorine-covered [100] and for the 75% covered [112] SiNTs, the band gap of part of the randomly chosen decoration arrangements is smaller than that of the corresponding fully fluorinated system. Here, we should note that our calculations are of periodic nature. In realistic experimental conditions, different sections along the system will have varying passivation schemes and thus we expect the band gap of the system at a given fluorine coverage to be averaged.
The results presented in Figure 5 clearly indicate that surface chemistry may be used to tailor the electronic properties of narrow quasi-one-dimensional silicon nanostructures. By careful surface functionalization, we predict that it should be possible to tune the band gap of such systems to range between insulating to wide-band-gap semiconducting even without manipulating the structure of the inner silicon core. SiNW and SiNT has been performed at the LDA/3-21G and HSE/3-21G level of theory, respectively. Single-point calculations performed at the HSE/6-31G** level of theory using the obtained geometries of both structures were used to evaluate the band gaps. We estimate that this procedure introduces errors of less than 8% in the calculated values (see Supporting Information). To gain further insight regarding the influence of fluorination on the electronic properties of SiNWs and SiNTs, we present, in Figure 6 , the band structures and the corresponding densities of states of the fully fluorinated systems and compare them to the results obtained for their fully hydrogenated counterparts. Apart from the fluorination-induced band gap reduction discussed above, a pronounced downshift of both the occupied and unoccupied bands is observed for both the SiNWs and SiNTs regardless of the crystallographic orientation. For the systems considered, the valence band maxima (VBM) downshifted by up to 2.16 eV and the conduction band minima (CBM) downshifted by up to 2.32 eV. Interestingly, when the VBMs and CBMs of the fully hydrogenated and fluorinated systems are compared, it is found that their dispersion relation is hardly affected upon fluorination and that they are practically rigidly downshifted. The effect of band gap reduction thus results from a different rigid downshift than the VBM and CBM of each system experience. 
■ SUMMARY
In this paper, we presented a computational study of the structural and electronic properties of fluorine-decorated narrow sp 3 crystallographic orientations were considered. The energetic stability and electronic properties of the various fluorinated systems considered were compared to those of their hydrogenpassivated SiNT and SiNW counterparts. Unlike the fully hydrogenated systems, the relative stability of the fully fluorinated structures was found to increase linearly with decreasing silicon molar fraction. Furthermore, the fully fluorinated systems were found to be consistently more stable than their hydrogenated counterparts. For mixed hydrogenation and fluorination decoration schemes of the [100] and [112] SiNTs and SiNWs, the relative stability was found to vary linearly with the fluorine surface coverage. Interestingly, for fluorine surface coverage exceeding 25%, the tubular structures were found to be more stable than their wire counterparts.
Similar to the case of the fully hydrogenated systems, the band gaps of the fully fluorinated structures were found decrease monotonously with increasing silicon molar fraction. For silicon molar fractions lower than 0.5, the band gap value of the fully fluorinated systems was found to be smaller than that of the fully hydrogenated structures by up to 0.79 eV. These differences reduce as the silicon molar fraction increases. As may be expected, the fully fluorinated SiNTs bear larger band gaps than their corresponding SiNWs. Nevertheless, the differences between their band gaps are lower than those obtained for the hydrogenated systems. The mixed hydrogenated and fluorinated systems usually present band gaps that reside within the range spanned by the fully hydrogenated and fully fluorinated structures. Some exceptions occur where the band gaps of the mixed decorated systems become lower than the band gaps of their fully fluorinated counterparts. In general, the band gaps of the SiNTs studied are more sensitive to the fluorine surface coverage than those of the corresponding SiNWs. Upon examination of the band structure of the various systems, the reduction of the band gap upon fluorination was found to result from a different and (almost) rigid downshift of the valence and conduction bands in the vicinity of the gap.
Our results indicate that surface functionalization may serve to control the structural stability of narrow quasi-onedimensional silicon nanostructures and open the way toward chemical tailoring of their electronic properties. We predict that, by careful design of the chemical surface decoration scheme, it should be possible to tune the band gap of such systems to range between insulating and wide-band-gap semiconducting even without manipulating the structure of the inner silicon core.
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